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For the oxidative coupling of methane a relationship between
the state of surface oxygen and C, selectivity of Nd>O3 and SrO
(1 at%)/Nd,03 catalysts was derived from contact potential differ-
ences (CPD) between a reference electrode and the catalyst surface
as a function of oxygen partial pressure and temperature. The in-
fluence of the concentration of oxygen anion vacancies of the oxide
lattice on the state of surface oxygen was elucidated by measure-
ments of the electrical conductivity and of isotopic oxygen exchange
on the undoped and SrO-doped Nd,03. Oxygen defects facilitate the
oxygen incorporation into the lattice of SrO(1 at%)/Nd,O3 as indi-
cated by the lower CPD changes due to oxygen adsorption and the
higher extent of oxygen exchange for SrO-doped Nd,O3 compared
with pure Nd;03. Thus, the C, selectivity of a SrO(1 at%)/Nd,03
catalyst was enhanced since the concentration of weakly adsorbed
(molecular) oxygen species leading to deep oxidation of hydrocar-
bons is lower on a defect rich solid surface.  © 1998 Academic Press

Key Words: oxidative coupling of methane; surface oxygen on
Nd,Os-based catalysts; work function as mean of catalyst-surface
characterization; isotopic oxygen exchange; electrical conductivity
of Sr-doped neodymia.

INTRODUCTION

In the selective oxidation of hydrocarbons the interaction
of the catalyst with adsorbed oxygen comprises an electron
transfer from the catalytic solid to the adsorbate; charged
surface-oxygen species can activate C-C or C-H bonds of
the hydrocarbon. The nature of such chemisorbed oxygen
entities depends on oxygen partial pressure, temperature
and physical properties of the catalytic material (1). Oxygen
chemisorption is assumed to be mainly influenced by the
availability of electrons (semiconductivity) in the catalyst
and its ability to build up a dynamic equilibrium between
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gas phase, surface, and bulk lattice oxygen (the latter be-
ing determined by oxygen anion conductivity). Doping of
a solid material often changes its electronic properties and
its catalytic performance concomitantly.

In the oxidative coupling of methane (OCM) to ethane
rare-earth oxides doped with small amounts of alkaline-
earth oxides have been found among the best catalysts with
respect to selectivity and activity (2, 3). Substitution of rare-
earth cations by alkaline-earth cations leads to structural
defects in the oxygen sublattice. Anshits as well as Baerns
and their co-workers have recently emphasized the avail-
ability of oxygen defects as a major catalyst feature for
the OCM reaction in two review articles (4, 5). By anal-
ysis of electrical conductivity data Baerns et al. indirectly
concluded that a high concentration of oxygen vacancies
promotes the transformation of adsorbed oxygen species
into lattice oxygen (5-8). Correspondingly, adsorption of
molecular oxygen as electrophilic entities (O, Og‘) is ex-
pected to be small on anion vacancy-rich surfaces (4). How-
ever, direct evidence for this conclusion was not available
yet. Moreover, the nature of the oxygen species activating
methane is still a question of controversy (2, 5).

The work-function increase resulting from the formation
of negative charges due to oxygen adsorption on a metal
oxide surface as measured by a Kelvin probe renders it
possible to observe the adsorption process (9). The method
is based on the determination of the contact potential dif-
ference (CPD) between a reference electrode (e.g., gold)
and the catalyst surface, the materials together forming a
dynamic condenser.

In the present work this method was applied to further
elucidate the relationship between the state and type of sur-
face oxygen and the C, selectivity of pure and SrO-doped
Nd,O3 in the OCM reaction.

To support the interpretation of work function changes
caused by variation of the oxygen partial pressure at dif-
ferent temperatures alternating current (ac) conductivity
data as well as the degree of isotopic exchange between
gasphase 80, and surface O were determined. These
methods allow conclusions concerning the defect structure
and the oxygen mobility inside the oxide catalysts.
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METHOD

In the following section the background for interpre-
tation of results of CPD and electrical conductivity mea-
surements is summarized. Especially, the relationship
between the process of oxygen adsorption and/or incorpo-
ration, change of work function, defect structure of oxides
as well as type of electrical conductivity and its correspon-
ding experimental identification are referred to.

CPD Measurements

The experimental setup is shown schematically in Fig. 1.
Contact-potential differences between the oxide catalyst
and a reference electrode (gold-grid) are measured by
means of a Kelvin probe (Besocke/Delta-Phi-Elektronik,
probe “S” (10)) with a 2.5-mm diameter gold-grid vibrating
condenser element.

The CPD values are obtained from the compensation of
the difference in work function between the catalyst and
the reference electrode. Additional charges on the surface
of the catalyst caused by adsorption of gas molecules alter
its work function and, hence, the CPD. If the adsorption
capacity of the reference electrode is negligible, the work
function changes of the investigated sample (¢s) are equal
to the changes of the CPD:

ACPD = Ags. [1]
Gold as reference material is known to be inert against
oxygen at room temperature; at higher temperatures it in-
teracts with oxygen as a function of oxygen partial pressure
(11, 12). However, for pressures below 5 x 1072 Pa pure
gold surfaces may serve as inert reference electrodes at
temperatures up to 800 K (13, 14). For this reason, CPD
measurements were carried out in a vacuum chamber.

gold-grid (reference electrode)

I
AN

sample

|
=

Experimental setup for CPD measurements.

Since the piezoceramic driven Kelvin probe used in this
study is not applicable at temperatures higher than 520 K
for CPD measurements up to 800 K, the sample was solely
heated through its metallic support by means of a tungsten
filament (see Fig. 2). Temperatures were measured on the
surface of the metallic support by means of a spot-welded
thermocouple.

Information on the charge of surface oxygen species may
be derived according to Barbaux et al. (15, 16) and Nowotny
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FIG. 2. Scheme of the sample holder for CPD measurements.
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(17) in a metal-oxide/oxygen system from Eq. [2]:
k-T
CPD = a6 Inpo, + const. [2]

In this equation a gives the number of electrons transfered
from the solid to the adsorbed oxygen species. |.e., changes
in CPD caused by variations in oxygen partial pressure
at constant temperature are directly related to the charge
of surface oxygen entities like O,, O~, and O%~, resulting
from the adsorption equilibrium expressed by Eq. [3] with
h* being the positive holes according to Kroger Vink nota-
tion (18) and a = 2n/m:

_ 2n
02-9 =2 a nm adsT Eh [3]

Conductivity Measurements

A metal oxide catalyst may simultaneously show sev-
eral types of conductivities (n- and p-type, respectively,
plus oxygen-anion conductivity). In some (straightfor-
ward) cases the value of each kind of conductivity can be de-
rived by evaluating ac electrical conductivity data obtained
at different oxygen partial pressures. p-type conductivity is
present if the conductivity o increases with increasing par-
tial pressure of oxygen (8o/8po2 > 0). It is usually found
at much higher po; than n-type conductivity which is indi-
cated by a decrease of conductivity with increasing oxygen
partial pressure (8o /8po2 < 0). In an intermediate pressure
range oxygen anions may be the dominant charge carriers
(80 /8po2=0) (5).

The proportion of ionic conductivity oo can be deter-
mined from evaluation of the total conductivity (o) as
function of oxygen partial pressure. Since the ionic conduc-
tivity is independent of oxygen partial pressure, the inter-
section of the functional relationship between o, and p(lj/zn
with the ordinate is equal to ojon. According to Eq. [4] (19,
20) the theoretical value of n is 4, if the activation of oxygen
proceeds via anion vacancies resulting in O?~ species:

Otot = Ojon + kplo/;1 [4]

Thus, from the experimental value of n the mechanism of
oxygen incorporation into the oxide lattice can be derived.

EXPERIMENTAL

Catalyst Preparation and Characterization

SrO(1 at%)/Nd,O3 (Sget = 1.3 m?g~1) was prepared by
coprecipitation of a continuously stirred nitrate solution of
neodymium and strontium with 1 M oxalic acid at room
temperature. After 2 h of stirring subsequent to coprecip-
itation the slurry was allowed to settle overnight. The pre-
cipitate was then filtered and washed with oxalic acid. Then
it was dried at 120°C for 4 h and calcined at 1123 K for
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24 h in ambient air. The atomic surface concentration of
Sr (Sr/(Sr+ Nd)) amounted to 3.3% for doped Nd,O3 as
determined by XPS. There was no other phase detected
than the type A of rare earth oxides by XRD. Pure Nd,O3
(Seer = 0.8 m?g™!) was obtained by precipitation from
the nitrate solution and subsequent treatment as described
above. Catalyst pellets pressed from the ground powders
at 2.2 x 10° Pa for 20 s were crushed and sieved to a grain
fraction of 0.355 to 0.500 mm for catalyst testing.

Catalyst Testing

A catalytic fixed bed reactor (8 mm ID) made of quartz
was used. For temperature control the reactor was im-
mersed into a fluidized bed of sand. The product gas, from
which water was removed by condensation, was analyzed
by g.c. (for specific conditions see (7, 8)). The OCM reac-
tion was performed at 923-1023 K; the feed gas consisted of
methane (60 kPa), oxygen (6 kPa), and nitrogen (34 kPa).
The modified contact time (M¢a/Vstp) Was varied by charg-
ing different amounts of catalyst at a constant flow rate of
3.2 ml/s.

CPD Measurements

The powdered catalyst samples were pressed into flat
specimens of 0.42-0.45 mm thickness and @ 7 mm. One side
of the pellet was covered with a platinum paste (Heraeus)
that was burned together with the oxide sample at 973 K
for 30 min to ensure the intimate electrical contact of the
sample with the support it was placed on. In the experi-
mental studies the interaction of oxygen with the catalyst
sample was studied at temperatures between ca 400 and
780 K applying oxygen partial pressures between 1 x 10~
and 5 x 1072 Pa. Partial pressures of oxygen were adjusted
by a dosing valve, starting at a base pressure of approxi-
mately 2 x 10° Pa.

Pretreatment of samples was carried out at 673 K and
an oxygen partial pressure of 1.0 x 1072 Pa. After cooling
to the measuring temperature the oxygen partial pressure
was decreased to 2 x 10~% Pa. After establishing a constant
CPD signal, work function changes were caused by succes-
sively increasing the oxygen partial pressure. At each level
of oxygen partial pressure the CPD change was recorded
up to the steady state. The corresponding CPD values were
used for data evaluation according to Eq. [2].

Oxygen Exchange

Oxygen-exchange measurements between gas-phase
180, and the metal-oxide surfaces of Nd,O; and SrO
(1 at%)/Nd,O3 at temperatures ranging from 523 to 873 K
were performed under vacuum conditions in the Tempo-
ral Analysis of Products (TAP) reactor as explained by
Buyevskaya et al. (21). An amount of 0.6 g of the respec-
tive oxides was packed between two layers of quartz of
the same particle size. To remove water from the catalyst
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FIG. 3. Scheme of the quartz cell used for measurements of conduc-
tivity.

it was first exposed to the base pressure of the system
(ca10~*Pa) at 1023 K. Then the temperature was lowered to
the respective temperatures at which %0, was pulsed until
a stable response was observed at the reactor outlet. Thus,
an oxygen-saturated surface was preserved as initial state
of the oxygen exchange experiments. 0/1®0O exchange
rate was determined by pulsing an ¥O,:Ne = 1:1 mix-
ture over the catalysts, one pulse containing approximately
10'® molecules of 180,.

Conductivity Measurements

The total conductivity (n- and p-type, respectively, plus
oxygen anion conductivity) of catalysts consisting of Nd,O3
and SrO (1 at%)/Nd,O3; were determined by measuring the
specific resistance of a catalyst disc with the two-electrode
ac method (5). For this purpose ac (1 kHz) measurements
were performed with an automatically compensating bridge
(Wayne Kerr B905) with two inert platinum electrodes ar-
ranged in a quartz cell (see Fig. 3). Asan equivalent circuita
parallel connection of a condenser and an ohmic resistance
was applied (22).

GAYKO ET AL.

The ground powders were pressed to pellets of 7-mm
diameter ata pressure of 2.2 x 10° kPa. To minimize contact
resistances the discs were covered by a platinum paste on
each side and were burned for 30 min at a temperature of
1023 K. Ac conductivity measurements were carried out as
afunction of temperature (T = 673-1023 K) and of oxygen
partial pressure (poz = 0.1-31.6 kPa).

RESULTS AND DISCUSSION

First, the results of catalytic measurements are presented.
CPD measurements of pure and doped Nd,O3 are discussed
with reference to the catalytic results in order to derive
conclusions concerning the influence of oxygen adsorption
and incorporation on the catalyst performance. To support
these conclusions results of conductivity and oxygen ex-
change measurements were taken into account providing
additional information on the extent of oxygen incorpora-
tion and defect structure of the oxides.

Catalyst Performance

The promoting effect of doping Nd,O3; with SrO on se-
lectivity to ethane, ethylene, and minor amounts of Cs
hydrocarbons (Sc,,) at otherwise comparable reaction con-
ditions isillustrated in Table 1. Over the whole temperature
range C,, selectivity is the highest for Nd,O3 doped with
SrO.

The plot of C,-selectivity versus oxygen conversion
(Fig. 4) illustrates the relation between the rates of pri-
mary C, product formation and the consecutive oxidation of
ethane and ethylene which corresponds to the sudden drop
of selectivity at high oxygen conversion. For the undoped
sample this drop already occurs at 85% oxygen conversion,
whereas the C, selectivity of the SrO(1 at%)/Nd,O3 cata-
lysts increases up to 90% conversion of oxygen (see also
(23)). l.e., the consecutive oxidation of C, hydrocarbons is
suppressed to a certain extent when Nd,Oj3 has been doped
with SrO.

Indications that the extent of consecutive oxidation is
strongly related to the state of surface oxygen on basic

TABLE 1

Catalytic Performance of Nd,O3 and SrO (1 at%)/Nd,O3 in the Oxidative Coupling of Methane
(P2, = 60kPa, p2, = 6kPa, py, = 34 kPa)

T T O, conversion CHy, conversion C,.; selectivity
/K lg-s-ml~? 1% 1% 1%
Nd,O3 923 0.0738 88.9 73 18.0
973 0.0700 97.5 9.3 35.0
1023 0.0333 97.0 10.9 50.6
SrO (1 at%)/Nd,O3 923 0.0554 89.5 8.2 34.3
973 0.0525 97.0 10.7 51.8
1023 0.0333 97.4 12,5 63.8




OXIDATIVE COUPLING OF METHANE

72|
—v—Nd0,
I 0
70 ||—8— S1O(1 at-%)/Nd_O_ P
B
68 |
- B
o~
A
S v
(7]
64 | \'\'\
v
62|
60 1 n ] i 1 1
60 70 80 90 100
Koz (%)

FIG. 4. Dependence of C,, selectivity on oxygen conversion. Reac-
tion conditions: temperature 1023 K, CH4/O,/N, = 60/6/34, modified con-
tact time 0.004. 0.008, 0.016, 0.02, and 0.028 g-s- ml~L.

oxides result from earlier work of Lunsford et al. (24). The
authors reported that the reaction of O, on a MgO surface
is significantly faster with C, and C3 hydrocarbons than with
CH,. Furthermore, the chain length of carboxylates which
are surface intermediates in the reaction of alkanes and
alkenes with O~, O;, and O3 were degraded after inter-
action with O, and O3 but not after interaction with O™,
Therefore, the oxygen species consisting of more than one
oxygen atom should especially promote C-C bond disrup-
ture being probably the initial step of C, combustion. The
concentration of multi-atomic oxygen species should be di-
minished if a high concentration of oxygen vacancies on
the surface is available which accelerates the dissociation of
oxygen. Whether these relationships do indeed play a role
for the Nd,O3 and the (SrO 1 at%)/Nd,O3 catalyst should
be investigated by the CPD measurements presented in the
following paragraph.

Work Function Changes

A successive enhancement of oxygen partial pressure
starting from 2 x 10~* Pa leads to a steplike increase of the
work function as illustrated for Nd,O3 at 523 K in Fig. 5a.
The CPD change decreases with increasing temperature
(Fig. 6). At similar temperatures the CPD change is much
smaller for SrO (1 at%)/Nd,Oj3 than for undoped Nd,O3. A
facilitated mobility of defects can be made responsible for
the steep drop of CPD change with growing temperature
for the SrO-doped sample.

As mentioned in the section “Method” information on
the charge of surface oxygen species might be derived ac-
cording to Barbaux et al. (15, 16) and Nowotny (17) in a
metal-oxide/oxygen system from Eq. [2]. Application of
Eg. [2] to the data in Fig. 5a obtained at 523 K leads to the
straight lines shown in Fig. 5b. From the slope of this plot
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coefficients a of equal to 0.31 and 0.22 result. Obviously,
these values do not correspond to a particular partially re-
duced oxygen species since for O,, O~, or O~ values of a
between 1 and 4 would be expected.

However, with increasing temperature CPD changes be-
come smaller and the coefficient a increases as illustrated
for Nd,O3 at 673 K in Fig. 7.

The values of a could be interpreted in such a way that
previously adsorbed molcular oxygen which is nearly un-
charged is transformed to O3, O,, O~, and O% at higher
temperatures. Such a development of coefficient a with in-
creasing temperature was also observed by Cherrak et al.
on pure SmyO3 (25). At higher oxygen partial pressures
they found by CPD measurements that only lattice oxygen
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FIG.5. (a) Contact potential difference as a function of time for
undoped Nd,O3 at 523 K after stepwise change of oxygen partial pres-
sure; (b) CPD change (height of the different steps in (5a) as function of
log(po,/Pa) for Nd,Os at 523 K.
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is present on the surface of Sm,O3 at temperatures higher
than approximately 650 K.

For SrO (1 at%)/Nd,Oj3 the development of coefficient a
with increasing temperature is similar to that on undoped
Nd,Oj3. However, at the same temperature it isalways larger
for the SrO-doped sample than for the pure neodymia as
summarized in Table 2.

This result indicates that oxygen dissociates on the sur-
face of SrO (1 at%)/Nd,O3 at lower temperatures than on
undoped Nd,Os. Oxygen is already transformed to lattice
oxygen at temperatures between 623 K and 673 K.

Especially at low oxygen partial pressure (2.0 x 10~* <
Po2 < 1.0 x 1072 Pa) and high temperature (400°C), where
the concentration of oxygen vacancies is expected to be
high, values higher than 4 occur which are not meaning-
ful from the physicochemical point of view. However, un-
der these conditions the CPD changes are very small and
the signal-to-noise ratio is high, leading to large experi-
mental errors as illustrated by the confidence intervals in
Table 2.

To further elucidate these findings pulse experiments
on 80 exchange were performed, giving information on

TABLE 2

Coefficient a for Nd,03 and SrO (1 at%)/Nd,0O3 in Dependence
on Temperature

TIK a(Nd,03) a(SrO(L At.-%)/Nd,0s)
423 — 0,2140,02

473 — 1,10£0,36

523 0,3140,01% 0,22+ 0,01° 4,97 £0,10% 1,52 £0,05°
573 0,62 40,04° 1,91+0,12

623 1,26 +£0,09 3,0840,08

673 2,7340,29° 6,0+24

320x10™* < po2<1,0 x 107° Pa.
b poz>1,0x 10~% Pa.
°po2>5,0 x 1074 Pa.

0 50 100 150 200 250 300 350 400
t/min
(a)

CPD/V

-3,4 -3,2 -3,0 -2,8 -2,6 2,4
log(p,, /Pa)
(b)

FIG.7. (a) Contact Potential Difference as a function of time for un-
doped Nd,O; at 673 K after stepwise change of oxygen partial pressure.
(b) Plot of CPD (height of the different steps in (7a) as a function of
log(pO,/Pa) for Nd,O3 at 673 K.

the rate of interaction of the gas phase oxygen with lattice
oxygen.

Oxygen Exchange

For the SrO-doped sample rate of oxygen isotopic ex-
change as expressed by the 2O, conversion during the first
pulse starts above 523 K and reaches more than 90% at
773 K (see Fig. 8). At isothermic reaction conditions the
180, 4 conversion is 15 to 30% higher for the doped sample
than for the undoped one between 623 and 773 K. For pure
Nd,O3 at 823 K it still has not reached 90%.

Comparable results were obtained by Kalenik and Wollf,
who doped La;O3 with 1 at% SrO (26), and by Peil et al.,
who added Li to MgO (27). Zhang et al., as well as Anshits
and co-workers, pointed out that the increase of the dif-
fusion coefficient of lattice oxygen (O?7) correlates with
the enhanced oxygen exchange properties of the doped
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oxides (4,5). Since the diffusion coefficient, in turn, isafunc-
tion of oxygen defect concentration, the above-mentioned
results confirm the higher concentration of oxygen-anion
vacancies in SrO (1 at%)/Nd,O3, compared with Nd,Os.
Therefore, oxygen vacancies should promote oxygen dis-
sociation and concomitantly increase the C, selectivity.
More detailed information on the defect structure of the
oxides can be derived by the measurements of electrical
conductivity.

Electrical Conductivity

Doping Nd,O3 with SrO resulted in an increase of over-
all conductivity by approximately two orders of magnitude
as indicated by ac measurements (see Figs. 9a and b). The
increase of conductivity with growing oxygen partial pres-
sure indicates the presence of positive holes as dominating
charge carriers in both samples resulting in p-type conduc-
tivity.

For p-type conductors the process of oxygen incorpo-
ration can be described by Eq. [5], where gas-phase oxy-
gen occupies oxygen vacancies. Positive holes are formed in
this process, the conductivity increases with increasing oxy-
gen partial pressure (according to Kroger-Vink notation
(18): V5 = oxygen vacancies, h* = positive holes, Og = O~
species at a lattice site, OF = atomic lattice oxygen).

0.50,4 + Vg < OX +2h°. 5]

Additional oxygen vacancies would be generated by doping
Nd,Oj3 with strontium if Sr* occupiesregular Nd3* cationic
positions as proposed by Sinev et al. (28) (Eq. [6a]). In this
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case, the deficiency of a positive charge in the cationic sub-
lattice is counter balanced by the formation of positive holes
(either h*or OY) and atomic lattice oxygen (OF), due to si-
multaneous oxygen incorporation (Eg. [6b]):

2SrO « 2Sryq + Vg + 205
0.50,4 + Vg < OF + 2h°.

[6a]
[6b]

Oxygen incorporation according to Eqgs. [5] and [6b] would
result in an exponent of n=4 and the total conductivity
would be described by Eq. [4].

The experimental values do confirm this mechanism of
incorporation for both Nd,O3 as well as SrO (1 at%)/Nd,O3
since the plot o versus log(po2)*/# shows a clear linear de-
pendency (Fig. 10). Moreover, the higher value of the inter-
section with the o -axis for the doped sample indicates the
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-3,0F / .
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FIG.9. Conductivity of (a) SrO(1 at%)/Nd,O3 and (b) Nd,O at 673,
873, and 1023 K as a function of oxygen partial pressure.
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higher oxygen anion conductivity, i.e. higher concentration
of oxygen vacancies than pure Nd,Os.

Thus, the measurements of conductivity also support the
CPD results concerning the accelerated incorporation of
oxygen and electron transfer to the oxygen species due to
doping.

CONCLUSIONS

The investigation of catalytic performance, measure-
ments of CPD, oxygen exchange activity, as well as electrical
conductivity, leads to a consistent picture on the role of dif-
ferent oxygen species in the oxidative coupling of methane.

Doping Nd,O3 with SrO leads to a suppression of catalyst
activity in secondary combustion of C, hydrocarbons which
is caused by a change of the state of surface oxygen.

Conductivity data and oxygen exchange properties of
SrO (1 at%)/Nd,O3 point towards the generation of oxy-
gen defects by doping. Oxygen-anion vacancies make pos-
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sible the oxygen dissociation and movement of oxygen
through the solid at much lower temperatures than for pure
Nd,Os. For this reason the incorporation of adsorbed oxy-
gen species is facilitated for the SrO-doped sample. This
was directly seen by CPD measurements as a function of
temperature. There is a strong indication by CPD stud-
ies that the extent of oxygen incorporation into the lat-
tice is increased with increasing temperature. The layer of
adsorbed oxygen species and the corresponding charge ac-
cumulation in the boundary layer between bulk and sur-
face (“Randschicht) for SrO (1 at%)/Nd,Os is reduced
at lower temperatures, compared with Nd,Os. Although
work function studies were carried out under reduced pres-
sure, this leads to the assumption that under OCM reaction
conditions weakly bound surface oxygen entities are trans-
formed into lattice oxygen much faster for a defect solid
like SrO-doped Nd,Oj3 than for pure neodymia. Against
this background the C,, selectivity of SrO (1 at%)/Nd,O3
is enhanced because the concentration of multi-atomic sur-
face oxygen species leading to deep oxidation of hydrocar-
bons is smaller. However, this does not necessarily mean
that lattice oxygen is responsible for methane activation.
According to conductivity data positive holes are the dom-
inating charge carriersin SrO (1 at%)/Nd,Os. Positive holes
may be identical with positively charged (O™) lattice oxy-
gen in equilibrium with lattice oxygen (O%7). Against these
results the opposing views of homolytic versus heterolytic
splitting of a C-H bond in methane activation for forming
CH3; species may be reconciled by assuming that O~ and
strongly nucleophilic O%~ species contribute to both types
of splitting process.
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